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Abstract–We have measured the isotopic composition and ﬂuence of solar-wind nitrogen in a
diamond-like-carbon collector from the Genesis B ⁄C array. The B and C collector arrays on
the Genesis spacecraft passively collected bulk solar wind for the entire collection period, and
there is no need to correct data for instrumental fractionation during collection, unlike data
from the Genesis ‘‘Concentrator.’’ This work validates isotopic measurements from the
concentrator by Marty et al. (2010, 2011); nitrogen in the solar wind is depleted in 15N
relative to nitrogen in the Earth’s atmosphere. Speciﬁcally, our array data yield values for
15N ⁄ 14N of (2.17 ± 0.37) · 10)3 and (2.12 ± 0.34) · 10)3, depending on data-reduction
technique. This result contradicts preliminary results reported for previous measurements on
B ⁄C array materials by Pepin et al. (2009), so the discrepancy between Marty et al. (2010,
2011) and Pepin et al. (2009) was not due to fractionation of solar wind by the concentrator.
Our measured value of 15N ⁄ 14N in the solar wind shows that the Sun, and by extension the
solar nebula, lie at the low-15N ⁄ 14N end of the range of nitrogen isotopic compositions
observed in the solar system. A global process (or combination of processes) must have
operated in interstellar space and ⁄or during the earliest stages of solar system formation to
increase the 15N ⁄ 14N ratio of the solar system solids. We also report a preliminary Genesis
solar-wind nitrogen ﬂuence of (2.57 ± 0.42) · 1012 cm)2. This value is higher than that
derived by backside proﬁling of a Genesis silicon collector (Heber et al. 2011a).
INTRODUCTION
Importance of Nitrogen to Planetary Materials
Nitrogen is the ﬁfth most abundant element in the
solar system. The 15N ⁄ 14N ratio varies dramatically
among solar system objects, from approximately
2.3 · 10)3 in Jupiter (Owen et al. 2001) and in osbornite
(TiN) in a refractory inclusion from a CH chondrite
thought to be among the earliest-formed solids (Meibom
et al. 2007), to approximately 3.7 · 10)3 in the
atmospheres of Earth and Venus and in Martian rocks,
to 6–7 · 10)3 in CN and HCN molecules in the comas of
comets (Bockele´e-Morvan et al. 2008), to values as high
as approximately 8 · 10)3 in some dark inclusions from
CH and CB chondrites (e.g., Bonal et al. 2010). The
nitrogen isotopic composition of the Sun is a key
constraint for understanding the origin of the isotopic
variations in nitrogen because the Sun contains
approximately 99.8% of the mass of the solar system and
thus is representative of the nitrogen composition of the
bulk solar system.
Historically, scientists attempted to determine the
nitrogen isotopic composition of the Sun from solar
wind trapped in lunar soils. Results seemed to indicate
that soils exposed long ago (1–3 Ga) were depleted in
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15N by approximately 20% relative to the Earth’s
atmosphere. In contrast, soils exposed during the last 200
million years show 15N enrichments (Kerridge 1993; Kim
et al. 1995). Observations such as these led to the
hypothesis of a secular variation in the nitrogen isotopic
composition of the solar wind (e.g., Kerridge 1993), but
this hypothesis is hard to reconcile with astrophysics
(Geiss and Bochsler 1982, 1991). Alternatively, these
variations may indicate mixing of various lunar,
cometary, or asteroidal reservoirs with the solar wind
(e.g., Geiss and Bochsler 1982, 1991; Wieler et al. 1999;
Hashizume et al. 2000).
Importance of Nitrogen to Solar Physics
The solar physics community is interested in
obtaining precise ﬂuences and isotopic compositions in
order to fully understand the mechanisms that ionize and
accelerate the atoms comprising the solar wind. Solar
wind is fractionated relative to the photosphere.
Elements with a low ﬁrst ionization potential (FIP),
<10 eV such as magnesium, silicon, and iron, are
enriched relative to oxygen in the solar wind compared
with the photosphere, with the largest enrichments
observed in the slow solar wind (e.g., von Steiger et al.
2000). Because elemental fractionation in the solar wind
can be thought of as the result of a competition between
photoionization and dynamic atom-ion separation, Geiss
et al. (1994) proposed that a model based on the ﬁrst
ionization time (FIT) provides a better description of the
fractionation in solar wind. FIP and FIT affect the pool
of ions from which some portion is accelerated to form
the solar wind. They predict different solar wind
elemental fractionations, and are not expected to
produce isotopic fractionations. Inefﬁcient coulomb drag
(ICD) during the acceleration of the solar wind is also
capable of producing fractionations (e.g., Bodmer and
Bochsler 2000; Bochsler 2007). This process can
fractionate isotopes as well as elements because coulomb
drag depends in part on the masses of the interacting
particles. Nitrogen is a key element for evaluating these
various models.
Role of the Genesis Mission
NASA’s Genesis Mission was designed to capture
contemporary solar wind under clean conditions and
return it to Earth for analysis. The nitrogen isotopic
composition of the solar wind was one of the highest
priority objectives of the Genesis mission (e.g., Burnett
et al. 2003). Several research groups have attempted to
measure the nitrogen isotopic composition of the solar
wind. The CNRS group at Nancy, France, measured the
gold-plated arms of the cross that provided the frame for
the targets in the electrostatic concentrator (Marty et al.
2010). Nitrogen and noble gases were extracted using
a 193 nm UV laser defocused to approximately
50 · 150 lm and, after puriﬁcation, were measured in a
static mass spectrometer. Extraction efﬁciency was high,
but the solar-wind nitrogen was contaminated by large
amounts of terrestrial nitrogen, resulting in a low signal-
to-noise ratio. From multiple measurements, and using
the measured 20Ne ⁄ 14N ratios normalized to the ratio
in the solar wind to infer the fraction of solar-
wind nitrogen in each measurement, Marty et al.
(2010) derived a best estimate of (15N ⁄ 14N)sw =
(2.26 ± 0.67) · 10)3 (2r). On the basis of these data,
one would conclude that, relative to Earth’s atmosphere,
the solar wind is depleted in 15N by approximately 40%
(d15N = )385 ± 182&).
Another group at the University of Minnesota
measured nitrogen from collector material consisting of a
thin ﬁlm of gold deposited on sapphire (AuOS) from the
B ⁄C bulk solar wind collector (Pepin et al. 2009; Becker
2010). The nitrogen was released from the gold in the
collector by room temperature amalgamation with
mercury, which discriminates against nitrogen contained
in organic contaminants. The released nitrogen was
cleaned up and measured by static mass spectrometry.
The measured nitrogen is estimated to consist of 15–80%
solar-wind nitrogen. Although the level of contamination
is probably low, the yield of solar-wind nitrogen is also
low in these experiments, with the largest yield estimated
at approximately 50%. The resulting estimate of the
(15N ⁄ 14N)sw is approximately 4.9 · 10)3 (d15N =
+325&) (Pepin et al. 2009).
The results of these two studies could not be more
different, with one group reporting approximately 40%
depletion of 15N and the other reporting approximately
30% excess of 15N. To address this discrepancy, a third
study was carried out on the Genesis solar wind
concentrator silicon carbide target #60001 using the
UCLA MegaSIMS (Kallio et al. 2010). Five depth
proﬁles were measured at two different radii on the
collector (approximately 10 mm and approximately
21 mm). Preliminary results from this study give
(15N ⁄ 14N)sw = approximately (1.85–2.05) · 10)3 (d15N =
approximately )440 to )495&). These results support
the result from Marty et al. (2010). Most recently, Marty
et al. (2011) used the Cameca ims 1280HR2 at CRPG-
CNRS Nancy, France to measure the #60001 SiC
concentrator target. Using these new data, they have
reﬁned their estimate of the solar wind composition to
(2.18 ± 0.02) ·10)3 ()407 ± 7&, 2r), from which they
derive a composition for the Sun of (2.27 ± 0.03) · 10)3
()382 ± 8&).
A potential problem with measurements of the
concentrator target or the gold cross is that the
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concentrator introduces a signiﬁcant mass-dependent
fractionation of the solar wind (Wiens et al. 2003; Marty
et al. 2010; McKeegan et al. 2010). An instrumental
mass fractionation curve for Ne in the #60001 target
measured by Heber et al. (2011b) has been used as a
basis for handling instrumental mass fractionation.
However, to remove any ambiguity between data from
concentrator versus array collectors, as well as to address
the difference between the results of the Nancy and
University of Minnesota laboratories, the Mission PI
and University of Hawai’i ion microprobe group decided
to measure the nitrogen isotopic abundances in a Genesis
diamond-like carbon on silicon (DOS) collector from the
B ⁄C bulk solar wind array using the Cameca ims 1280
housed in the W. M. Keck Cosmochemistry Laboratory
at the University of Hawai’i. Although the amount of
solar-wind nitrogen per unit area in the arrays is
signiﬁcantly lower than in the concentrator targets,
enough nitrogen was present for a measurement of both
isotopic composition and ﬂuence. This paper reports the
results of our measurements.
EXPERIMENTAL METHODS
The nitrogen measurements made by Marty et al.
(2011) used a concentrator SiC collector, which had a very
low nitrogen blank. Unfortunately, there was no SiC in the
BC array. The collector material selected for this
experiment was diamond-like carbon on silicon (DOS).
This material was used both in the concentrator and in the
bulk solar wind array. The diamond-like carbon is a
relatively thick (about 1 lm), semi-ordered ﬁlm on a
silicon substrate that was made for Genesis by Sandia
National Laboratories. The concentrator target was
intended for nitrogen measurements, and it was veriﬁed to
have a low nitrogen background in the surface layers
(Jurewicz et al. 2003). The B ⁄C array DOS collector was
not intended for measuring nitrogen. During its
manufacture, there was an annealing step that can
potentially result in atmospheric contamination in the top
200 nm. The amount of this contamination was expected
to be about 20% of the unconcentrated solar wind
abundance, but because it appeared to be homogeneously
distributed, Jurewicz et al. (2003) stated that nitrogen
measurements might be possible in this material. Although
not ideal, the DOS collectors in the bulk solar wind B ⁄C
array are the only samples suitable for this experiment.
The sample used for this work was #60628 from the
Genesis B ⁄C array. This piece is approximately
6 · 6 mm in size. The sample was cleaned at JSC using
their standard protocol. The surface has minor damage
in places and there were still several particles on the
surface. For measurements, we selected undamaged areas
that had no visible particles.
Solar wind ions are implanted at depth in the
collector, with solar-wind nitrogen peaking approximately
25 nm below the surface of the diamond-like carbon array
collector. Because the solar wind is a constant velocity
plasma, 15N will be implanted deeper than 14N.
Accordingly, measurement protocols and subsequent data
reduction must resolve the solar wind signal as a function
of depth in the collector. Therefore, depth proﬁles were
collected using a rastered Cs+ primary beam and the ﬁnal
depth of each pit was measured.
The proﬁles were quantiﬁed using a laboratory
implant of known ﬂuence in the same type of collector
material: here, a H-18O-15N implant into a ﬂight-like
sample of DOS manufactured at Sandia National
Laboratory. Nitrogen-15 was implanted by Leonard
Kroko, Inc. at a level of 1 · 1015 cm)2 at 45 keV, an
energy that is approximately 3 times higher than the
energy of the solar wind. Using deeper implants reduces
the effects of surface contamination of the standard
calibration (see below). Hydrogen was implanted later at
Los Alamos National Laboratory at 1.8 · 1016 cm)2 at
10 keV (approximately 10 times higher energy than the
solar wind) to simulate the hydrogen dose from the solar
wind. A depth proﬁle through the standard implant is
shown in Fig. 1.
No correction was made for instrumental mass
fractionation of the nitrogen isotopes in the ion probe
because we do not have suitable standards and because
previous experience has shown that nitrogen isotopic
fractionation is less than approximately 30&. The
systematic uncertainty from not correcting for mass
fractionation is a small part of the total uncertainty and
does not affect the results of this work.
Details of the measurement protocol and data
reduction are discussed below.
Measurement Protocol
Because of the small concentration of nitrogen in the
array collectors, instrumental background is a problem
for measurements of nitrogen isotopes. Accordingly, we
did several things to reduce the background gas in the
instrument. First, we mounted Genesis B ⁄C array sample
#60628 along with our 15N reference implant and a
silicon wafer in the same sample holder, which was
placed into the airlock (approximately 10)8 torr) for
three days before the measurement was to begin.
Concurrently, our Ti sublimation pump was used to
reduce the background in the sample chamber itself. The
night before the measurements were to start, we moved
the sample holder to the sample chamber and used a
20 nA Cs+ beam to raster a 500 · 500 lm square on the
silicon wafer for 14 h. Sputtered silicon ions act as a
getter to gaseous oxygen, carbon, and perhaps nitrogen,
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further reducing residual gases in the sample chamber.
Following these procedures, the vacuum in the sample
chamber was approximately 6.3 · 10)10 torr. A liquid
nitrogen trap further reduced the pressure in the sample
chamber during the analytical session (2–3 · 10)10 torr).
Nitrogen isotopes were measured as CN– using a
Cs+ primary ion beam that impacted the sample with an
energy of 20 keV. The required mass resolving power
(MRP) is approximately 7500, but before measurements
were made, we scanned the CN– peaks on the 15N
implant at a MRP of 11,500 to make sure that there were
no interferences that we did not anticipate.
Measurements were carried out by depth proﬁling using
a 50 · 50 lm2 raster. A focused primary ion beam of
0.75 nA was used and a measurement consisted of 300
cycles of mass 26 (12C14N) for one second and mass 27
(12C15N) for ten seconds. Data were collected using the
monocollector electron multiplier.
To minimize the contribution of residual gaseous
nitrogen from the sample chamber, we used a ﬁeld
aperture in combination with the dynamic transfer
optical system (DTOS). The ﬁeld aperture was set to
mask all but a 37 · 37 lm2 area on the sample (3000
micron ﬁeld aperture and transfer magniﬁcation setting
of approximately 100), while the DTOS deﬂects the ions
sputtered by the primary-ion-beam so that they appear
in the center of the ﬁeld aperture. Ions generated in the
gas above the sample do not correlate with the position
of the primary ion beam, and thus are not centered by
the DTOS. The combination of relatively small ﬁeld
aperture and DTOS cuts the background signiﬁcantly.
To further reduce the contribution of unwanted nitrogen
to our signal, we used the electronic gate to exclude the
ions from the outer 50% of the sputtered area, thus
eliminating contributions from the crater walls and from
nitrogen creeping along the surface of the collector.
We tried to degas the surface of the sample prior to
the measurement using the electron gun with 20 eV of
energy, as we have done for hydrogen, but this did not
reduce the surface contamination signiﬁcantly. The
surface-contamination nitrogen appears to be tightly
bound. Sputtering of this surface layer with the primary
beam used for the depth proﬁle generated a large
‘‘knock-on’’ background that persisted well into the
expected depth of the solar-wind implant. The ﬁnal
measurement protocol used low energy (approximately
7 keV impact energy) primary ions to presputter the
sample surface (Mao et al. 2008). This was much
more effective at removing contaminant nitrogen close
to the surface, signiﬁcantly reducing ‘‘knock-on’’
contamination deeper in the sample. For the
measurement reported here, the sample surface was
presputtered with a 0.5 nA primary ion beam at
7 keV for 60 min (points 1 and 2) and for 15 min (points
3–11). The presputtered region was approximately
250 · 250 lm2, sufﬁcient to remove the surface layer for
some distance around the measurement crater. Depths of
presputter craters are estimated to be approximately
5 nm for the 60-min presputter and approximately 1 nm
for the 15-min presputter. Although this presputtering
did not completely eliminate ‘‘knock-on’’ nitrogen, it did
signiﬁcantly reduce the background from this source.
Even with all of these procedures in place, the initial
signal was overwhelmingly dominated by surface
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Fig. 1. Standard implant proﬁle for 15N into ﬂight-like diamond-like carbon on silicon (DOS). The implant dose of 15N was
1 · 1015 cm)2, implanted at 45 keV. The 14N signal is a combination of surface contamination gardened into the DOS, a small
amount of implanted 14N (the bump that occurs at the same depth as 15N), and background nitrogen in the DOS collector
material. Background 15N, roughly a part in 104 of the peak, can be estimated by dividing the 14N count rate by 272 (the terrestrial
14N ⁄ 15N ratio). The background-corrected 15N proﬁle is shown by the small dots that overlay to measured 15N proﬁle.
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nitrogen. Surface-correlated background, including the
knock-on nitrogen, declined approximately exponentially
with time or depth. The surface nitrogen asymptotically
approached the steady-state intrinsic background
associated with the diamond-on-silicon collector
material, reaching a plateau at approximately 40 nm
depth, as determined by subtracting a model solar wind
implant (see below). This background signal from the
collector material was approximately 500 cps. In
comparison, the implant signal peaks at approximately
650 cps.
Crater depths were measured using an Alpha Step
200 proﬁlometer at Arizona State University. The
accuracy of this instrument using our procedure has been
tested recently by comparing pit depths measured at
ASU with those measured on the same samples by an
independent instrument, located at NIST. The average
pit-depth difference was less than 1% for pits similar to
those measured here.
Data Reduction
The ﬁrst step in the data reduction was to apply the
appropriate deadtime correction. The measured count
rate was ﬁrst corrected for the fraction of the time that
the beam did not go into the electron multiplier due to
the E-gate (in this case, 50% of the time), and then the
count rate was corrected for the multiplier deadtime of
31 ns. Then, because the two isotopes were measured
sequentially, not simultaneously, the signals had to be
time interpolated to correct for the time-dependent
variations in the ion-signal strength. The proﬁles must
also be converted to depth proﬁles. This was done using
a sputtering rate calculated from the total depth of the
crater minus the depth of the presputtering crater
(estimated based on the presputter beam current and
raster size because the crater was too shallow to measure
directly) and scaling to the beam current. Although the
treatment of the presputter craters is not ideal, they are
shallow enough (1–5 nm) that an uncertainty of a factor
of two is not enough to change the results. The data were
then corrected for various types of nitrogen not of solar-
wind origin, and the 15N ⁄ 14N for the solar wind was
calculated. Two different methods of data reduction were
carried out independently by two of the authors (GRH
and DSB), both comparing data with simulations of the
implant process. The simulations will be detailed below,
followed by discussions of the data reduction methods.
Simulations
Simulations used the open source code: stopping and
range of ions in matter (SRIM) (Ziegler 2004; Ziegler
et al. 2010). Input ﬁles of 1,000,000 ions representing
solar-wind nitrogen were generated using a Monte Carlo
routine that uses the average of the carbon and oxygen
ﬂux distribution as a function of wind speed as measured
by the ACE spacecraft. These were set at normal
incidence into a carbon target with density of
2.85 g cm)3. Ion ranges in the carbon were collected in
SRIM and postprocessed to establish range distributions
for each isotope (Fig. 2).
Determination of the 15N ⁄ 14N Ratio in the Solar Wind
Method 1
For this method, the measured 14N and 15N proﬁles
were corrected for the background nitrogen in the
collector using the 14N signal and average 15N ⁄ 14N ratio
from below the level of the implant (>100 nm). A
SRIM-calculated solar-wind proﬁle for 14N was scaled to
match the measured 14N proﬁle in the region from
approximately 30 to 100 nm (Fig. 3). The match is
very good, showing that the background-corrected
measurement is dominated by solar-wind nitrogen in that
region. This allows us to use the background-corrected
proﬁles as direct measures of the solar-wind nitrogen.
The portion of the measured, background-corrected 14N
and 15N proﬁles between 30 and 90 nm were integrated
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Fig. 2. Simulated implant proﬁles for 14N and 15N in diamond-
like carbon (density = 2.85 g cm)3) calculated using the SRIM
program for the average of the carbon and oxygen ﬂux
distributions as a function of wind speed for the bulk-solar-
wind velocity distribution. Panel ‘‘a’’ shows the proﬁles on a
linear scale, while panel ‘‘b’’ shows the same proﬁles on a log
scale. Note that the 15N proﬁle is offset to a greater depth
compared with the 14N proﬁle, as expected due to its lower
momentum-transfer rate to diamond.
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and the resulting values were used to calculate the
15N ⁄ 14N ratio for each measurement.
Method 2
In this method, the SRIM proﬁle of solar wind 14N
implanted into diamond-like carbon (Fig. 2) was
assumed to accurately model the nitrogen proﬁle in the
Genesis collector. The SRIM proﬁle and the measured
sample proﬁles are all discrete digital proﬁles, but the
depth scales differ (even though all give absolute depths).
To use the SRIM proﬁle directly to reduce the
measurement data, the depth scale had to be converted
to match the depths for each measurement cycle. This
was done using a cubic spline interpolation of the
calculated SRIM proﬁle after applying a smoothing
function (5-point running average).
The cubic-spline-adjusted proﬁle was assumed to
represent the solar wind proﬁle in the Genesis collector,
but it had to be normalized correctly. This was done by
subtracting different amounts of the SRIM proﬁle for
14N from each measured 14N proﬁle until the resulting
proﬁle was ﬂat for depths greater than approximately
40 nm (Fig. 4). The remaining part of the measured
proﬁle was assumed to represent the background for 14N
in each measurement. The scaled SRIM proﬁle for each
measurement was assumed to represent the solar wind
14N proﬁle. For all measured proﬁles, the inferred
amount of solar wind subtracted was almost the same
(fortunately), but each proﬁle was calculated separately.
We did not use an ‘‘average’’ SRIM proﬁle on all
measurements. The 15N ⁄ 14N ratio of the background was
determined by averaging the results from the ﬁrst 10
cycles and last 50 cycles of each measurement. The
background 15N proﬁle was calculated from this ratio
and the 14N background proﬁle. The background
15N proﬁle was then subtracted from the measured
15N proﬁle to give the solar wind 15N proﬁle. The scaled
SRIM proﬁle for 14N and the background-corrected 15N
proﬁle were then integrated separately from 20 to 85 nm
and the ﬁnal ratio was calculated for each measurement.
We tried a third method in which we attempted to
correct for the surface contamination by ﬁtting the
background with an appropriate curve and then
subtracting this background and the deep background
from the measured proﬁle. However, we were not able to
obtain satisfactory ﬁts to the shallow background, and
we could not reliably extract a plausible solar wind
proﬁle using this method.
SRIM modeling indicates that the peak of the 15N
solar wind implant is approximately 2 nm deeper than
the peak of the 14N implant, and the tail of the 15N
implant is also substantially deeper (Fig. 2). Because we
do not integrate the entire implant to determine the
15N ⁄ 14N ratio, a correction is required for this depth
offset. Our data are not precise enough to resolve this
offset well enough to account for it based on the
measurements alone. Therefore, we used the SRIM
proﬁles to estimate the bias introduced by calculating the
nitrogen isotope ratio from slightly different portions of
the 14N and 15N proﬁles. The factors used to correct
d15N are approximately –67& for Method 1 and –32&
for Method 2. These corrections have been applied to the
data in Table 1.
Uncertainties
The two-sigma statistical uncertainty of an
individual ratio measurement using either Method 1 or
Method 2 is on the order of ±25%. This is similar to the
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Fig. 3. This ﬁgure compares the measured 14N proﬁle in the B ⁄C array (open symbols) with the same proﬁle corrected for the
intrinsic background in the collector material (solid symbols) and with the SRIM implant proﬁle for solar-wind nitrogen, scaled to
facilitate comparison (dots). In data-reduction Method 1, the portion of the background-corrected proﬁle between 30 and 90 nm
(shaded region) was used to calculate the nitrogen isotopic composition in the solar wind.
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standard deviations of the individual measurements in
both cases. Thus, on statistical grounds, we would be
justiﬁed in reporting the standard error of the sets of
nine measurements as the uncertainty on the mean of the
individual determination. But there are a number of
nonstatistical uncertainties that must be considered.
These include the uncertainty in the isotopic ratio used
for the background correction and an uncertainty
introduced from estimating the depth of the presputter
crater. These can be quantiﬁed reasonably well by
varying each parameter over the range of reasonable
values that it can take and recording the effect on the
ﬁnal result. These uncertainties are independent,
random, and are approximately normally distributed.
Thus, they can be quadratically combined with the
standard error to give an overall uncertainty.
Uncertainties in the shape and depth of the calculated
SRIM proﬁles are not easily quantiﬁed. There is also the
uncertainty introduced by not making an instrumental
mass-fractionation correction. Although this uncertainty
is not random, it is independent and is the smallest of the
quantiﬁed uncertainties. The uncertainties in the ﬁnal
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Fig. 4. An example of a measured 14N proﬁle in the B ⁄C array (solid symbols) and the 14N background (open symbols) calculated
by subtracting the amount of solar wind proﬁle (Fig. 1) required to make the background ﬂat below approximately 40 nm. The
steeply declining curve at shallow depths is a knock-on component of the adsorbed surface nitrogen. Although a vast majority of
the surface nitrogen was removed by pumping and low-energy sputtering, the residual surface nitrogen causes signiﬁcant problems
with these measurements. The ﬂat portion of the background proﬁle is dominated by the nitrogen incorporated into the diamond-
like carbon during manufacture. In data-reduction Method 2, the portion of the scaled SRIM proﬁles between 20 and 85 nm (the
difference between the two curves in the shaded region) was used to calculate the nitrogen isotopic composition in the solar wind.
Table 1. 15N ⁄ 14N, d15Na, and nitrogen ﬂuence from 9 measurements in Genesis B ⁄C array fragment, 60628
(diamond-like-carbon collector ﬁlm supported by a silicon substrate).
Measurement
number
Background subtraction (Method 1) SRIM modeling (Method 2) Nitrogen ﬂuence
(atoms cm)2)
15N ⁄ 14N d15N 15N ⁄ 14N d15N
1b 0.00232 )368 0.00183 )502 2.36 · 1012
2b 0.00208 )435 0.00209 )432 2.61 · 1012
3 0.00223 )394 0.00193 )474 2.61 · 1012
4 0.00270 )265 0.00239 )350 2.71 · 1012
5 0.00208 )433 0.00223 )393 2.72 · 1012
6 0.00177 )520 0.00204 )446 2.38 · 1012
7 0.00225 )389 0.00204 )445 2.57 · 1012
9 0.00237 )356 0.00245 )333 2.63 · 1012
11 0.00174 )526 0.00206 )439 2.58 · 1012
Average ± 2rc 0.00217 ± 0.00037 )410 ± 100 0.00212 ± 0.00034 )424 ± 91 (2.57 ± 0.42) · 1012
aDelta 15N values calculated relative to a terrestrial 15N ⁄ 14N value of 0.003676.
bFirst two measurements were made with 60 min of low-energy presputtering compared to 15 min for the other measurements.
cUncertainties calculated as described in the Uncertainties and Determination of the 14N Fluence sections.
Measurement 8 was not used because magnetic ﬁeld position was lost during the run.
Measurement 10 was not used because liquid nitrogen trap warmed up during the run.
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ratios reported for Method 1 and Method 2 in Table 1
are the quadratic combination of the standard error of
the nine measurements, the uncertainty in the
background correction, the uncertainty introduced from
the estimated depth of the presputter crater, and the
error due to the lack of a mass-fractionation correction.
Determination of the 14N Fluence
To determine the nitrogen ﬂuence, we used the
scaled SRIM proﬁles from Method 2 described above for
determining the 15N ⁄ 14N ratio in the solar wind. The
scaled proﬁles for the nine nitrogen measurements of the
B ⁄C array DOS collector were integrated numerically to
give the total number of counts in each proﬁle. The total
counts in each proﬁle were converted into a nitrogen
ﬂuence using a sensitivity factor calculated from the
mean of three integrated depth proﬁles through our
standard 15N implant into DOS. The nominal implant
level for 15N was 1 · 1015 cm)2 (see above). The two-
sigma uncertainty in the nitrogen ﬂuence includes the
standard error for the nine independent B ⁄C-array
measurements and a 16% uncertainty in the sensitivity
factor.
RESULTS
Nitrogen Isotopic Composition
The 15N ⁄ 14N ratios for the solar wind derived from
the two methods described above are given in Table 1,
both as ratios and as delta values relative to Earth’s
atmosphere. Two of the eleven measurements could not be
used, one because the magnetic ﬁeld centering lost the
peaks in the middle of the run and one because the
nitrogen trap warmed up in the middle of the run,
generating a large background nitrogen signal. Table 1
also shows the means of the results from each of the two
methods and our best estimate of the uncertainties in those
numbers. The resulting values for 15N ⁄ 14N in the solar
wind from the two methods agree remarkably well
([2.17 ± 0.37] · 10)3, d15N = )410 ± 100& and
[2.12 ± 0.34] · 10)3, d15N = )424 ± 91&, errors are
2r). Our results agree well with the value obtained by
Marty et al. (2010) using laser extraction from the
concentrator target holder gold cross ([2.26 ± 0.67] ·
10)3, d15N = )385 ± 182&) and the more precise results
of Marty et al. (2011) obtained by ion microprobe on the
SiC concentrator target ([2.18 ± 0.02] · 10)3, d15N =
)407 ± 7&).
Nitrogen Fluence
Table 1 summarizes our nitrogen ﬂuence data. Our
best estimate of the nitrogen ﬂuence determined in the
Genesis B ⁄C DOS array is (2.57 ± 0.42) · 1012 atoms
per cm2. The uncertainty in our ﬁnal value is the
quadratic combination of the standard error for the nine
measurements and a 16% uncertainty in the sensitivity
factor, derived from the reproducibility of the standards
and an estimate of the uncertainty in the ﬂuence of the
standard implant. Our value is higher than that
determined independently by ‘‘backside depth proﬁling’’
of a Genesis silicon collector ([1.2 ± 0.2] · 1012 cm)2;
Heber et al. 2011a). While the largest absolute
uncertainty may come from the uncertainty in the ﬂuence
of the standard implant, both Heber et al. (2011a) and
this study used the same implant standard, so the
difference between the two results cannot be assigned to
the standard. Once a reliable value for the hydrogen
ﬂuence in the solar wind has been obtained for the
Genesis collectors, ﬂuence data for other elements such
as nitrogen can be used to evaluate the metallicity of the
Sun.
DISCUSSION
It was always clear that, as long as the fractionation
introduced by the concentrator could be accounted for,
more precise values of 15N ⁄ 14N could be obtained by the
analysis of concentrator targets. Knowing the solar
nitrogen isotopic composition is important and was the
number-2 priority objective of the Genesis mission.
Consequently, the importance of the much more difﬁcult
measurements on collector array materials that we
undertook was to show conclusively, as we have done,
that the serious discrepancy between the results of Pepin
et al. (2009) and the several measurements of
concentrator targets was not due to some fundamental
misunderstanding of the amounts of concentrator-
induced isotopic fractionation. The ability to recognize
and correct for anomalous results is a major advantage
of sample return missions where replicate measurements
by different techniques and ⁄or laboratories can be made.
The 15N ⁄ 14N ratio of the solar wind estimated from
the measurements reported in this paper is approximately
(2.15 ± 0.35) · 10)3 (d15N  )417 ± 100& relative to
the Earth’s atmosphere). Although the uncertainty is
relatively large, there is no doubt that our measurement
shows the solar wind to be depleted in 15N relative to the
Earth’s atmosphere, supporting the Nancy and UCLA
results.
Marty et al. (2010) present a detailed discussion of
the implications of the 14N-rich composition for the solar
wind. We do not review that discussion here, but attempt
to extend portions of it. The isotopic fractionation of
nitrogen due to inefﬁcient Coulomb drag during
acceleration of the solar wind is expected to be less than
5% favoring the light isotopes relative to the solar
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convective zone (e.g., Bochsler 2007). The data for the
solar wind presented in this study are not corrected for
this effect, but this small fractionation is not signiﬁcant
for the discussion to follow. The composition for the Sun
calculated by Marty et al. (2011) based on their precise
solar wind measurement (plotted in Fig. 5) has been
corrected for fractionation taking place in the convective
zone of the sun (i.e., gravitational settling) and during
acceleration of the solar wind.
Figure 5 shows various nitrogen reservoirs inside
and outside of the solar system. The composition of the
Sun, as inferred from measurements of the solar wind by
this study and by Marty et al. (2010, 2011) and Kallio
et al. (2010), lies at the 15N-depleted end of the range
of observed compositions. The nitrogen isotopic
composition of solar wind in deuterium-free lunar soils
also points to a similar composition (Hashizume et al.
2000). The Sun’s nitrogen isotopic composition is
thus similar to the composition measured in Jupiter’s
atmosphere (Owen et al. 2001; Abbas et al. 2004), in TiN
from a primitive meteorite (Meibom et al. 2007), in
meteoritic nanodiamonds (Russell et al. 1996), and in the
local interstellar medium (Dahmen et al. 1995). The
similarity in the compositions of the Sun and Jupiter
implies that both acquired isotopically representative
samples of bulk solar system nitrogen. The Sun’s
nitrogen composition also supports the suggestion that
the TiN described by Meibom et al. (2007) condensed
from a gas of solar composition. The agreement between
the compositions of the Sun and the local interstellar
medium indicates that the solar system is not anomalous
relative to its surroundings. The close similarity between
the composition of the Sun and that of nanodiamonds
means that it is not possible to distinguish between a
solar system and a presolar origin for the diamonds
based on nitrogen. There are two viable models (1) the
diamonds originated from a variety of sites throughout
the galaxy, thus acquiring an average nitrogen
composition of the interstellar medium; or (2) the
majority of the nanodiamonds originated within the
solar system from average solar system material.
All other solar system reservoirs have isotopically
heavier nitrogen (Fig. 5). Venus, Earth, Mars’ interior,
and most chondrites and achondrites exhibit a small range
of nitrogen isotopic compositions, all of which are
signiﬁcantly enriched in 15N relative to the composition of
the Sun (Hoffman et al. 1979; Lodders and Fegley 1998;
Mathew and Marti [2001] and references therein). The
interior of the Moon also may have nitrogen of a similar
composition (e.g., Kerridge 1993). In some ways, the
situation for nitrogen is analogous to that for oxygen,
where solar oxygen is 16O-rich (isotopically light)
compared with the Earth and most other inner solar
system materials (McKeegan et al. 2011). Venus, Earth,
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and Mars are differentiated bodies, while chondrites have
had a much less extensive postaccretional history. This
implies that the nitrogen compositions of these objects are
not the result of a variety of different mass-dependent
fractionation events in the histories of the various bodies
operating on a solar composition. Apparently, the
materials that accreted to form the terrestrial planets and
meteorites were already enriched in 15N relative to the
solar composition; i.e., these materials became 15N-rich
prior to the formation of all of these bodies.
Large-scale mechanisms that could generate global
15N enrichments in condensed phases are not well
understood. N2 self-shielding is one potential mechanism
(e.g., Lyons 2009, 2010). This is analogous to the self-
shielding of oxygen that has been proposed as the
dominant mechanism for mass-independent oxygen
isotopic fractionation in the solar system (e.g., Clayton
2002). However, while it is possible to model moderate
nitrogen isotopic fractionations in the gas phase under
plausible nebula conditions, it is not clear how 15N
enrichments can be preserved in the solids (e.g., Lyons
2009; Lyons et al. 2009). Ion-molecule reactions, either
in the Sun’s parent molecular cloud or in the cold outer
solar system, also could potentially produce widespread
enrichments of 15N in solids. Rodgers and Charnley
(2008) demonstrated that enrichments of up to a factor
of several in 15N relative to the starting composition can
occur in NH3 ice. However, it is not clear how these
enrichments would have been trapped in the solid
materials that became the terrestrial planets and
meteorite parent bodies. It is probable that the
combination of processes that affected gas and dust in
interstellar space and in the early solar system tend to
fractionate nitrogen such that the solids are enriched in
15N, and this combination of processes is responsible for
the isotopic offset between the Sun and the rocky bodies.
Considerable work will be required to understand how
this works, both for nitrogen and for oxygen.
A variety of materials are more enriched in 15N than
the majority of rocky bodies, including the Mars
atmosphere, CB ⁄CH chondrites, organic materials within
primitive chondrites and IDPs, comets, and Titan’s
atmosphere. These additional enrichments of 15N most
likely reﬂect processes speciﬁc to each of these reservoirs.
For example, the high 15N ⁄ 14N ratio in the Mars
atmosphere can be understood as reﬂecting preferential
loss of 14N during nonthermal escape from the top of the
atmosphere (Fox and Dalgarno 1983). The same appears
to be true for the atmosphere of Titan (Lammer et al.
2000; Niemann et al. 2005).
The organic material in chondrites and IDPs
contains tiny grains that are highly enriched in 15N, and
the organic material itself is, on average, more 15N rich
than the nitrogen on Earth (e.g., Alexander et al. 2007).
Figure 5 was created to illustrate the range of nitrogen
isotopic compositions in solar system bodies. The ﬁgure
does not contain any information about the relative
abundances of the various compositions. Most of the
organic materials are somewhat enriched relative to the
Earth, but only a small fraction is extremely enriched.
Some of the 15N-rich components may have a
nucleosynthetic origin, but for most, other origins are
indicated. Large nitrogen isotopic fractionation can
potentially be recorded in amine and nitrile functional
groups incorporated into refractory organic material on
grain surfaces in interstellar clouds (Rodgers and
Charnley 2008). This organic material is one of the
components that went into the rocky bodies of the early
solar system, but its relatively extreme composition was
probably diluted by other nitrogen components in bulk
objects. The relative abundances of organic materials
and other components are relatively similar in ﬁne-
grained materials in primitive chondrites (e.g., Huss et al.
2003), so the mixing ratios of various components in the
rocky bodies were probably similar, giving a similar bulk
nitrogen composition to the various objects.
The CH and CB chondrites (Fig. 5) are a special
case. These chondrites formed relatively late during solar
system formation and have had a strange history (e.g.,
Krot et al. 2005). Some of the components may have
formed via an impact between planetary embryos (Krot
et al. [2005] and references therein). The CH and CB
chondrites have the highest bulk 15N ⁄ 14N ratios among
chondritic meteorites (15N ⁄ 14N  7.3 · 10)3; d15N 
+1000&) (e.g., Prombo and Clayton 1985; Ivanova
et al. 2008). Dark inclusions within the Isheyevo CH ⁄CB
have very high 15N ⁄ 14N ratios, even higher than the bulk
meteorites (Bonal et al. 2010). In contrast, the TiN-
bearing CAI, which has solar-Jupiter-like nitrogen
isotopic composition (Meibom et al. 2007), is also from
Isheyevo. Thus, while the origin of the 15N enrichments
is not at all clear, it is apparently unique to non-CAI
components of CH and CB chondrites and likely results
from several stages of nitrogen isotopic fractionation.
The nitrogen isotopic compositions for comets
(Fig. 5) come from measurements of CN and HCN coma
molecules (e.g., Bockele´e-Morvan et al. 2008). If these
compounds are representative of bulk comets, then the
material that accreted to form comets underwent
nitrogen isotopic fractionation either prior to or during
accretion. However, these compounds may reﬂect
molecular-cloud or outer-solar-system chemistry that is
speciﬁc to the HCN molecule (Rodgers and Charnley
2008) and thus may not be representative of either the
bulk comets, where nitrogen is also sited in other
compounds, or of the outer solar nebula as a whole.
In summary, the isotopic composition of the Sun,
and by extension the bulk solar system, is depleted in
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15N relative to essentially all solar system solids. The
relative enrichments of 15N in the solids may reﬂect two
sequential stages of nitrogen isotopic fractionation: (1)
an early stage that produced a global fractionation in the
solid materials that became the meteorites and the
terrestrial planets, and (2) a second stage that further
fractionated the nitrogen in some reservoirs, such as the
atmospheres of Mars and Titan and the CH ⁄CB
chondrites. Some objects, such as comets and IDPs, may
preserve a record of some of the processes that generated
the global fractionation in solid materials.
CONCLUSIONS
We have measured the isotopic composition and
ﬂuence of nitrogen in diamond-like carbon ﬂown on the
Genesis B ⁄C array. We found a 15N ⁄ 14N ratio for the solar
wind of approximately (2.15 ± 0.35) · 10)3 (d15N 
)417 ± 100& relative to the Earth’s atmosphere),
consistent with results of Marty et al. (2010, 2011) and
Kallio et al. (2010) and distinctly different from the 15N-
enriched composition found by Pepin et al. (2009). The
measured nitrogen composition of the solar wind is
expected to be very close to the composition of the Sun and
is quite similar to the compositions of Jupiter, TiN thought
to have condensed from the solar nebula, meteoritic
nanodiamonds, and the interstellar medium. All other solar
system materials have higher 15N ⁄ 14N ratios. The
distribution of these compositions suggests that they
represent two stages of nitrogen fractionation: (1) a global
fractionation that systematically increased the 15N ⁄ 14N
ratio of the materials that became the rocky bodies in the
solar system relative to the bulk solar system and the Sun,
and (2) additional mass-dependent fractionations
associated speciﬁcally with the formation of individual
objects. Observations of comets and the gases in their
comas and isotopic data for organic materials in IDPs and
extracted from meteorites may provide clues to the global
processes that enriched the nitrogen in the solids in 15N.
Our nitrogen ﬂuence measurement ([2.57 ±
0.42] · 1012 cm)2) is higher than that obtained by Heber
et al. (2011a) from backside proﬁling of a silicon
collector. Reliable ﬂuence measurements for hydrogen,
nitrogen, and several other elements in the Genesis
collectors will help evaluate the metallicity of the Sun.
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